The cross sections of complete fusion and incomplete fusion for the 9 Be + 197 Au system, at energies not too much above the Coulomb barrier, were measured for the first time. The online activation followed by offline γ-ray spectroscopy method was used for the derivation of the cross sections. A slightly higher value of ICF/TF ratio has been observed, compared to other systems reported in the literature with 9 Be beam. The experimental data were compared with coupled channel calculations without taking into account the coupling of the breakup channel, and experimental data of other reaction systems with weakly bound projectiles. A complete fusion suppression of about 40% was found for the 9 Be + 197 Au system, at energies above the barrier, whereas the total fusion cross sections are in agreement with the calculations.
I. INTRODUCTION
In recent years, the investigation to the effect of the breakup of weakly bound projectiles on the fusion cross section has been a subject of intense experimental and theoretical studies [1] [2] [3] [4] . Experimentally, the radioactive projectiles such as 6 He [5] , 8 He [6] , 11 Li [7] , 11 Be [8] , and 8 B [9] have been employed. But due to the low beam intensity, the data statistics are not very high. Therefore, many researchers chose weakly bound stable nuclei 6, 7 Li [10, 11] and 9 Be [11] [12] [13] [14] for the study. The reason is that the beam intensity of these nuclei can be higher in order of magnitudes. Also, the effects of its breakup on other reaction mechanisms, although less intensive, is similar to the ones expected for radioactive beam induced reactions. In the reactions with the weakly-bound nuclei, besides the direct complete fusion (DCF) where the projectile fuses with the target, the projectiles may have considerable breakup probability. Following the breakup, different processes may occur: the non-capture breakup (NCBU), when neither fragment fuses with the target; the incomplete fusion (ICF), when part of the fragments fuses; and the sequential complete fusion (SCF), when all the breakup fragments are absorbed sequentially by the target. It is not possible to distinguish between DCF and SCF experimentally, and thus CF is taken as the sum of two processes. Total fusion (TF) is defined as the sum of CF and ICF.
A meaningful discussion about fusion with weakly-bound nuclei is how the breakup channels affect the fusion cross section, as shown in the Refs. [1] [2] [3] [4] . To study that, one method widely adopted is performing coupled-channel (CC) calculations without taking into account breakup and trans- * Electronic address: wangjg@impcas.ac.cn † Electronic address: lubian@if.uff.br fer channels. Thus, the differences between the experimental data and theoretical prediction are expected to be due to the coupling effects of the channels not included in the calculations. Some works [15] [16] [17] [18] [19] have shown that for heavy-ion systems the breakup and transfer mechanisms of the weakly bound nucleus causes a hindrance in the fusion cross section at energies above the Coulomb barrier and enhancement at energies below it. It was recently proved [20] by means of the calculation of the dynamic polarization potentials (DPD) that the breakup channels produce a repulsive DPP (see also Refs. [21] [22] [23] [24] [25] ), and consequently a hindrance of the CF in the whole energy interval around the Coulomb barrier, while the breakup triggered by transfer of the nucleons produce attractive polarization potentials that enhance the CF. So, to have enhancement below the barrier the transfer mechanism predominates, while at energies above the barrier the direct breakup mechanism should be the most relevant channel that produces the hindrance of the CF cross section [20] . This is in agreement with the experimental results of Refs. [26] [27] [28] , suggesting that the breakup following transfer is the dominant reaction mechanism at energies below the Coulomb barrier. On the other hand, recent experimental results [29] argued that the ICF products are compatible with a one-step mechanism, questioning the previous interpretation of twostep mechanism (breakup followed by the absorption of the fragment).
If one wants to further study the systematical feature of fusion cross sections and plot different fusion excitation functions in the same graphic, it is important that the cross section data should be calculated and transformed in a standard way in which they could be compared to each other, and to a benchmark function. In addition, a proper normalization method should be used for different reaction systems. Canto et al. have developed a method, called the universal fusion function (UFF) [15, 16] , which incorporate the above requirements. This method can be applied for different weakly bound systems, with stable and radioactive projectiles. For fusions induced by the weakly bound 9 Be, Gomes et al. [30] started a systematical study of the CF behavior by comparing the suppression of many different systems, and afterwards more efforts have been devoted to this study [14, 31] , but the investigation was not conclusive. To shed light on the study, this work present new cross section data of the 9 Be+ 197 Au system, and compare it with other reaction systems using the UFF methodology.
The paper is organized as follows: The experimental setup and measured spectra are presented in Sec.II. In Sec.III we present the data reduction and results. Comparison of the data with theoretical calculations and different reaction systems are shown in Sec.IV. The conclusions drawn from the present study are given in in Sec.V.
II. EXPERIMENTAL DETAILS
The present experiment was carried out through a stackedfoil activation followed by offline measurement technique. Fig. 1 shows the sketch of the beam and target assembly for online activation. The collimated 9 Be beam with an initial energy of 50. [32, 33] . The beam flux was calculated by the total charge collected in the Faraday cup placed behind the targets using a high precision current integrator. The Faraday cup was biased with a negative 400 V electrode on the collector to repel the secondary electrons. In addition, during the bombardments, two silicon surface-barrier detectors were placed at ±30˚to the beam for monitoring the elastic scattering of the beam particles by an Au foil placed upstream from the target stack. In both cases, the profiles of the beam current were recorded by the data acquisition system in intervals of 1 second. The two sets of flux values were found to agree with each other.
After the irradiation, the activity of the targets was measured offline using five HPGe detector groups in a separate laboratory. Each group consisted of two HPGe detectors positioned 180˚to each other, where single γ-ray and γ-γ coincidence measurements could be performed simultaneously. The Ge crystal part of the each detector was surrounded by a Pb annular cylinder of 3 cm thickness to reduce background from natural radioactivity. In addition, Pb blocks of 6 cm thickness were inserted between each adjacent detector groups to shield γ rays from neighboring targets. The absolute efficiency of the detectors was determined using a set of activity calibrated radioactive sources ( 60 Co, 133 Ba, and 152 Eu) mounted with the same geometry as the targets.
The excited compound nuclei formed in the fusion of 9 Be + 197 Au decay most favorably by neutron evaporations, and 3n, 4n, and 5n channels from CF are all observed in the present experiment. In addition, the α2n and α3n products were also identified. These nuclei were identified not only by their characteristic γ-ray energies, but also by their half-lives and branching ratios, as listed in Table I . Fig. 2 (a) present the offline γ-ray spectrum for the 9 I: List of evaporation residues identified in the present measurement along with their half-lives T 1/2 , Jπ, Eγ, and absolute intensities Iγ. The intense γ rays (in bold) were chosen to evaluate the cross sections. The other γ rays corresponding to the same nuclei were also used to cross-check the deduced cross-section values. The decay data was taken from Ref. [34] [35] [36] [37] [38] [39] . Fig. 1 ), measured at 10.5 hours after the end of the activation. One could see that the γ rays from the reaction products of 202 Bi, 198 Au, 199 Tl, and 200 Tl could be clearly identified. The relatively weak intense γ rays from 202 Bi could be indentified from the spectrum measured 20 minutes after the activation, as shown in Fig. 2 (b) . The γ rays from 201 Bi could also be seen from the spectrum. To justify the identification of 203 Bi, we present Fig. 3 the offline γ-ray spectra measured at 10.5 hours after the end of the activation from the first, third and fifth targets, with measuring time of 1 hour. One could see that the peaks of characteristic γ rays from 203 Bi decrease as the beam energy decreases when passing through the target assembly. The radioactive decay curves obtained for CF residues of 201 Bi (629.1 keV line) and 202 Bi (960.7 keV line) are shown in Fig. 4 (a) and Fig. 4 (b) , respectively. The curve for ICF residue of 199 Tl (208.2 keV line) is shown in Fig. 5 . The half-lives extracted from our measurements are in agreement with the data in the literature [34, 35, 38] . 
III. DATA REDUCTION AND RESULTS
The preliminary experimental cross sections of products formed in the 9 Be + 197 Au reaction on each of the targets were extracted using the half-lives, prominent γ-ray energies of decay, and intensities as well the formula described in the Ref. [31] . The results are given in Table II . One could see from the preliminary results that the yields of first target show about 1/3 less, when comparing with the systematic trend of other four targets (e.g. cross sections of Bi nuclei). This is because no catcher was available for the studied reaction system, and part of the produced residues penetrated to the subsequent target during the online activation. Therefore, cautious calculation is required in order to associate effective beam energies to the reaction product yields for each target unambiguously. To further estimate the percentage of lost in each target, we employed PACE4 [40] to calculate the energies and angular distributions of residues at each target. These resultes were then used as the inputs of SRIM [41] calculation, assuming those residues were positioned uniformly among the Au foils upon produced. The calculation showed that in all five Au foils about 30% of the fusion evaporation residues lost to the subsequent substance. The effective beam energies on the last four Au foils were calculated following weighted average:
where P (E i ) represents the probability that the reaction residue inside the target is associated with beam energy E i , and σ(E i ) refers to the corresponding fusion cross section at E i , calculated by the PACE4 code. The deduced energy values are presented in the first column of Table II . It should be pointed out that the inaccuracy of SRIM calculation does not affect the deduced effective energies too much. For example, 20% difference of calculated residue lost in the Au foil give to deduced energy difference of about 0.2 MeV. Fisichella et al. [42] has pointed out the possibility of misinterpretations of derived excitation function resulted by the ambiguities of derived beam energies, typically in the exponential region of cross section below the barrier. In our work, the beam energies are at above the barrier energies, and the changes of fusion cross sections are not dramatic. Therefore, the inaccuracy of the adopted beam energies will affect little on the physics discussions of this work. The errors of the deduced cross sections are the combination of statistical error and errors due to target thickness (∼3%), beam current (∼3%), and detector efficiency (∼3%). The CF cross sections were deduced through dividing the cumulative measured (σ expt 3n+4n+5n ) cross sections by the ratio R, which gives the missing ER contribution, if any. Here the ratio R refers to Σ x σ P ACE4 xn /σ P ACE4 f us
, where x = 3, 4, 5. The dominant ICF channels are found to be α2n ( 200 Tl), α3n ( 199 Tl). The possible α1n ( 201 Tl) channel was not found in this work. Note that the Tl isotopes can be not only from ICF but the sum of ICF plus a possible contribution from CF with α evaporation. However, the PACE4 code predicts that the CF compound nuclei formed in the 9 Be + 197 Au system at the measured energy range decay overwhelmingly by neutron evaporation, and the total evaporation of α channels is only about 1%. Therefore, the sum of α2n and α3n channels was used in the present work to determine the ICF cross sections. The TF cross sections were deduced by adding the corresponding CF and ICF cross sections. The values of ratio R, the deduced CF cross sections as well as ICF/TF ratios are listed in Table III .
IV. DISCUSSION
The ICF probabilities, defined as the ratios between ICF and IF cross sections, for the 9 Be + 197 Au system at above barrier energies are around 0.4, slightly higher than the other systems with 9 Be projectiles reported in the literature for the 144 Sm [43, 44] [11] reaction systems for comparison. The ratios are shown in Fig.  6 , as a function of the quantity E c.m. /V B , where E c.m. refers to energy in center of mass frame and V B is the height of the Coulomb barrier. It should be pointed out that the ratios in the figure are model independent and require the measurement of both ICF and CF, what is available up to now for only less than ten reaction systems with 9 Be projectiles. The CC calculation was first performed to study the effect of coupling on fusion cross sections. In the calculation, we chose a a parameter-free São Paulo potential (SPP) [46, 47] as the the real part of the optical potential. This is a doublefolding potential with systematic matter density that accounts for Pauli non-locality in the exchange of nucleons. The barrier parameters predicted by the SPP are R B = 11.35 fm, V B = 37.50 Mev and ω = 4.44 MeV. The imaginary part of the potential used was a Woods-Saxon form with parameters (W= -50 MeV r w = 1.06 fm, and a w = 0.2 fm for the depth, reduced radius, and diffuseness, respectively) to ensure that the absorption occurred only when the barrier was tunnelled or overcame. The calculations were performed using the FRESCO code [48] . The ground state and first five excited states of 197 Au were included in the calculation. The deformation pa- 
rameter of
197 Au was taken from Ref. [49] . No coupling associated to 9 Be was included in the calculation. The resulting effects can be assumed as coming from the whole dynamic effect of the 9 Be breakup on the CF cross section. Fig. 7 shows the results of calculations, in comparison with the experimental CF and TF data. From the figure it can be seen that the cross sections obtained from the CC calculation are higher than the experimental CF values but in agreement with the TF values, indicating a suppression (about 40%) in measured CF cross sections at above-barrier energies.
In order to make comparison with other reaction systems, we further employed the UFF methodology [15, 16] in the analysis. The function follows a reduction procedure that withdraws the dependency on the statics effects of the weakly bound nucleons and revels the the relevance of channel couplings on the fusion. To obtain the reduced cross section and collision energy, one apply the reduction procedure in the form:
where σ F is the fusion cross section, R B and ω are the radius and curvature of the Coulomb barrier, respectively. The reduction procedure was inspired from the Wong's formula [50] . Approximating the coulomb barrier to a parabola and assuming that it is independent of the angular momentum, an analytical expression is obtained for the fusion cross section:
This formula was extensively used in the past to describe the fusion cross section by varying the three parameters (V B , R B , and ω). Applying the reduction procedure given in formula (2), the UFF could be written as
which is system independent. As pointed out by Canto et al. in Refs. [15, 16] , the reduction method has two shortcomings. One is that the Wong's formula is not accurate in describing the fusion cross section of light systems, as in those systems the Coulomb barrier could not be directly approximated as a parabola. The other is that the effect of the breakup process on fusion could not be inferred from the comparisons of F exp (x) with UFF. To account for these shortcomings, Canto et al. [15, 16] is the cross section obtained by CC calculations, and F exp is the reduced experimental fusion cross section. It is important to mention that in a perfect situation where all couplings effects were considered in the CC calculation, the renormalized fusion function (F exp ) is identical to UFF.
The renormalized experimental fusion function for TF of the 9 Be + 197 Au system is shown in Fig. 8 , in comparison with the UFF. The corresponding data of 9 Be + 208 Pb, 186 W, and 6,7 Li + 209 Bi reaction systems are also presented for comparison. We choose a linear scale in the figure as it is more suitable for the analysis at above barrier reaction energies (x = 0 in the figure corresponds to the fusion barrier). The barrier parameters and the coupling scheme used in CC calculations for the systems not measured in the present work are given in Refs. [16, 45] .One can see from Fig. 8 Be + 186 W system shows a suppression of about 25 %, compared to the other systems. This is probably caused by the large portion of one-neutron stripping process, which can be evidenced by the vanish of suppression when adding the one-neutron stripping at TF [45] . Figure 9 is similar to Fig. 8 , but it shows the CF function. The difference between the points and the UFF curve is the observed effects of the breakup of projectiles plus transfer channels on the CF for all systems. It is interesting to mention that the 9 Be + 197 Au system show a suppression of about of 40% compared to the UFF. This is a bit higher than the 9 Be + 208 Pb [16] , 181 Ta [31] , 169 Tm and 187 Re [14] , and 6,7 Li + 209 Bi systems [16] that show a suppression of about of 30∼ 35%. The CF suppression factor of the 9 Be + 186 W system deserves further investigation, as the renormalized fusion function for TF is not consistent with the UFF. The results show the success of the reduction method in analyzing the fusion reaction of different reaction systems, which revealed a systematic hindrance of the CF at energies above the Coulomb barrier for heavy systems involving stable weakly bound projectiles.
V. SUMMARY
In this work, we report the measurement of complete and incomplete fusion cross sections for the 9 Be + 197 Au system at above barrier energies, using the online activation and offline γ-ray spectroscopy method. Comparison of data with coupled channel calculations, without taking into account of breakup and transfer channels, shows a CF suppression of about 40% at above barrier energies. The TF excitation function is in agreement with the theoretical prediction. In addition, we compared the behaviors of the TF and CF functions with those in the 9 Be + 208 Pb, 186 W, and 6,7 Li + 209 Bi reaction systems, by employing the universal fusion function methodology. It revealed that for the TF only the 9 Be + 186 W system is not consistent with the universal fusion function, while in the other four systems the 9 Be + 197 Au shows a relatively larger CF suppression compared to the 9 Be + 208 Pb and 6,7 Li + 209 Bi systems. Once the understanding of the effect of the breakup plus transfer channels at energies above the barrier is quite clear, it is important to have more experimental data at energies below the Coulomb barrier, to try to understand the details of the reaction mechanism at this energy regime.
